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Abstract 
This work investigates experimentally the performance of a thermal storage unit with phase change  
material encapsulated in cylinders. Air is the heat transfer fluid that flows across the tube banks to charge  
and discharge the storage system. The investigation analyses the storage system in terms of its storage  
capacity and the heat transfer rate to the phase change material. The aim of the analysis is to offer a solid  
ground for scaling up and implementation on solar residential domestic heating applications. 
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1. Introduction 
    The biggest difficulty that arises from solar energy application in domestic heating is the time 
dependency of both the supplied energy as well as the residential heating demands. Phase change 
materials (PCM) have been the focus of research in the field of thermal energy storage in the residential 
area for the past few decades. The reason behind this interest in PCM is due to the advantages that they 
possess; such as their low cost, high storage density, isothermal operation. Various experimental and 
theoretical investigations have been implemented to numerous water-heating systems with the intention of 
providing a useful analysis for application consideration.  
 
Kaygusuzk  K. [1] performed investigations on a system that has a storage tank that consists of a vessel 
packed in the horizontal direction with cylindrical tubes. The system is a typical solar water heat storage 
system which consists of a solar collector, storage tank (Filled with PCM), water to air heat exchanger, 
auxiliary electric heater, water pump, and other control system elements. The system was found to 
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provide a 30-35% fraction of the overall yearly heat load with slightly higher fraction when 
Na2SO4.10H2O was used instead of CaCl2.6H2O. Talmatsky and Kribus [2] investigated the advantages 
of the usage of PCM in DWH over sensible heating storage system in the locations of Tel Aviv, Israel and 
Munich, Germany that possesses the same components as the previous system mentioned. The results 
showed that the amount of energy required by the auxiliary heater decreased only from 838 MJ to 784 
MJ. The conclusion that was found is that PCM usage in standard water storage tanks offers no benefits 
or improvements to the overall system and in some cases it also proved to be harmful. The lack of 
advantages was linked to the increased losses to the environment during night time when the water is 
reheated by the PCM  
 
 Kousksou and Bruel [3] investigated a DWH system for the cities of Tel Aviv, Israel and Pau, France 
using the numerical model by Talmatsky and Kribus[2]. The purpose of the replication was to attempt to 
reproduce the findings of the previous authors and offer further analysis. The results were found to be 
similar when using the same PCM material, however when using a different PCM material with a lower 
melting temperature (500C instead of 580C) the amount of energy stored as latent heat increases since for 
the winter season the temperature does not reach 580C and most of the energy is stored as sensible heat. 
Therefore the amount of energy required by the auxiliary heater decreased from 843 MJ to 723 MJ, twice 
as much as the results obtained in the previous investigation. 
 
The main goal of this study is to experimentally investigate the performance of a prototype thermal 
storage unit with encapsulated phase change material (Calcium Chloride Hydrate) in a cylindrical 
geometry, in order to provide an analysis for its potential use in residential solar domestic heating. The 
analysis provided looks at the performance through various factors such as heat transfer rate, cumulative 
energy stored, heat flux, heat loss, melting/freezing time, effect of flow rate. 
 
Nomenclature 
 
A The outside surface area of the tubes, m2 
Aoutlet the area of the outlet of the storage tank, m2 
 s  heat capacity of air, kJ/kg K 
 m  
Qcum cumulative heat energy stored in PCM, kJ 
Qinst instantaneous heat energy stored in PCM, kJ/s 
 heat flux per unit area, kJ/s.m2 
air temperature di erence of air between inlet and outlet of thermal storage tank, °C 
V measured air velocity at the outlet of tank, m/s 
 density of air, kg/m3 
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2. Experimental Setup 
    An experimental model of the thermal storage unit was designed and built in order to investigate its 
performance. A schematic representation of the storage system is shown in Fig.1. The unit consists of 49 
staggered tubes (6 cm in diameter and 61 cm in length) filled with the phase change material with air 
flowing across the tube bank. The total PCM (Calcium Chloride Hydrate) mass in the system is 121.30 kg 
encapsulated and distributed equally in the cylinders. The material has a freezing point of 27-28 °C, and a 
latent heat of fusion 170 kJ/kg. The maximum latent heat storage capacity of the unit is 20.6 MJ. The 
volume occupied by the thermal energy storage unit is 0.18 m3 giving 110.17 MJ/m3. The tank has 1.9 cm 
( ) plywood siding from the sides and the top and bottom and it is well insulated from the sides and the 
top with 5 cm ( ) R 1.76 m2. °C/W (R10) Styrofoam.  The charging cycle of the storage unit is 
accomplished when the PCM is at room temperature, with inlet air temperature set constant at 42 °C. For 
the discharging cycle, two different inlet temperatures were used during two separate experiments while 
keeping the inlet temperature of the charging cycle constant during both of those experiments. The inlet 
temperatures used during the discharging cycle are 22°C and 7°C. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. General Layout of the thermal storage unit 
The overall process is shown in Fig. 2; the process consists of a heater, temperature controller, variable 
speed fan, gate valve, thermocouples, pressure meter, and a computer based data logger. The 
indoor/outside air is circulated using the variable speed fan and heated up to the desired constant 
temperature by the heaters and it is controlled using the temperature controller that has a temperature 
sensor connected to the entrance of the storage tank. 
  
The gate valve is opened when the air reaches the desired constant temperatures and stabilizes; during 
the period when the air is heating up or cooling down the air is diverted to another duct. The 
thermocouples used in the experiments are type T thermocouples, which have a limit of error of 0.75-1°C. 
Five thermocouples are placed in the system in order to measure the inlet air temperature, outlet air 
temperature, PCM temperature closer to the inlet, PCM temperature closer to the outlet, and the ambient 
room temperature. The time interval between measurements is 1 minute.  
 
 
PCM 
PVC-Tubes 
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Fig.2. General Schematic of the overall experimental setup 
 
The thermocouples are all connected to a USB TC-08 PICO Thermocouple Data Logger which has the 
following temperature measurement accuracy: the sum of ±0.2% of reading and ±0.5 °C (if the measured 
temperature is 100°C, then the accuracy is ± 0.7°C). Two pitot tubes are installed in the inlet and outlet of 
the duct to measure pressure drop in the duct. The tool used for the measurement is an Air-Neotronics 
PDM205 pressure meter. The pressure drop was measured for the various flow rates used. 
 
    The parameters that were varied during the experiments were the air flow rate and the inlet temperature 
during the discharging cycle. The flow rate was determined by measuring the air velocity using an 
anemometer at the outlet of system at the start and end of each process. Three flow rates were used in the 
experiments; the variation of the inlet temperature during the discharging process was carried out by 
using the same flow rate as a previous cycle. The duration of the melting/freezing process is determined 
by observing the temperature profiles of the PCM and the air. By using the temperature profiles, it is easy 
to determine the duration of the cycle by observing the temperature profile of the PCM closer to the outlet 
and also by observing the temperature difference between the inlet air and outlet air. 
 
3. Methodology & Data analysis 
In order to assess the performance of the storage unit a data analysis was conducted by evaluating the 
following: the instantaneous heat transfer rate, the cumulative heat transfer rate, the heat flux per unit 
area, the heat loss from the tank, pressure drop, and the maximum theoretical energy storage capacity in 
the tank.  
The mass flow rate can be calculated using the following equation: 
     (1)  
The instantaneous heat transfer rate is estimated using the following equation: 
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  (2) 
   
The cumulative heat transfer(Qcum) is estimated using the sum of the instanteneous heat transfer 
rates from equation 2.  
   
        The heat flux per unit area is estimated using the following equation: 
                     (3) 
        
4.  Results & Discussion 
4.1. Temperature Profiles of the melting and freezing processes: 
The data collected was analyzed using the methodology illustrated in the previous section. Four sets of 
data were collected. Three different flow rates were tested; the velocity was measured at the outlet for all 
different flow rates twice in a cycle and the average was used to calculate the flow rates using equation 
(1), the flow rates calculated were 0.102 kg/s, 0.182 kg/s, 0.235 kg/s. Two sets of data were collected 
while using a flow rate of 0.182 kg/s. Fig 3 and 4 show the temperature profiles during the melting 
process and the freezing process while using two vaious flow rates.  
Fig. 3. Temperature profiles during the melting process for a)  =0.235 kg/s, b)  =0.182 kg/s - Tair,in = 42°C 
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Fig. 4. Temperature profiles during the freezing process for a)  =0.235 kg/s Tair,in = 220C, b)  =0.182 kg/s Tair,in = 220C, 
 c)  =0.182 kg/s, Tair,in = 7 0C 
Each process takes around 10 hours, making the full cycle around 20 hours. The temperature profile of 
the PCM closer to the outlet is used as the parameter for determining whether the melting/freezing cycle 
is complete. There was no significant difference in the duration of the melting/freezing process when the 
flow rate was decreased. During the melting cycle the temperature of the PCM remains constant when the 
material is undergoing phase change which signifies the latent heat storage. From Fig 4 it is noticeable 
that the melting/freezing point is around 26-27°C. Fig 4.b shows supercooling occurring in the PCM 
closer to the outlet for a prolonged period of time before the solidification occurs. Latent heat is released 
during the solidification process which means that during that period of time only sensible heat is being 
released, which can affect the efficiency and performance of the unit if that problem is occurring in the 
material present in other tubes. However only the PCM closer to the inlet in one of the sets of data 
collected showed such supercooling which means that it is not necessarily an occurring problem. 
4.2. Storage unit performance: 
 The storage unit energy performance was investigated experimentally by computing the instantaneous 
heat transfer rate using equation (2) and the cumulative heat transfer (total energy stored/extracted). The 
heat flux was also obtained using equation (3). Since the aim of this paper is to provide a solid ground for 
scaling up and implementation of the storage unit in solar energy applications, the heat flux and the 
cumulative heat transfer rate for both melting and freezing processes are displayed. Fig 5 and 6 show the 
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heat flux and cumulative heat transfer rate for both the melting and freezing cycle for all the various 
conditions implemented in the experimentation. 
 
Fig. 5. a) Heat flux during the melting process, b) Cumulative heat transfer rate during the melting process 
 
The heat flux plot shows that the flow rate 0.102 kg/s is not a good flow rate for the purpose of this 
experiment since it produced a significantly lower heat flux than the other flow rates. The flow rate 0.235 
kg/s produced the highest heat flux, which is explained by the higher heat transfer coefficient due to 
convection that is directly correlated to the mass flow rate. For the reason mentioned above, the 
cumulative heat transfer rate and the temperature profiles for the low flow rate were not displayed. The 
difference between the two various flow rates used in the melting process in terms of the heat flux 
produced is around 0.05 kW during the first half of the process, while during the other half of the process 
the heat flux is almost the same for both flow rates. The cumulative energy stored for the flow rates 0.235 
kg/s and 0.182 kg/s respectively were 43 MJ and 38 MJ. 
 
  
Fig. 6. a) Heat flux during the freezing process, b) Cumulative heat transfer rate during the freezing process 
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The heat flux during the freezing process while using the Tinlet = 10 °C is shown in Figure 5. There is 
a significant increase of the heat flux while using the same flow rate but through varying the inlet air 
temperature during the charging cycle. Thus the power output while using a lower input temperature is 
much higher. The cumulative heat transfer rate and the total energy stored are also significantly higher, 
with a difference of around 26 MJ from the process that used the lower inlet temperature. The heat loss 
from the tank was calculated for every measurement and for each cycle and it was almost identical for 
every cycle. The average heat loss calculated was around 52 kJ for the whole process. The pressure drop 
was measured and was found to be negligible having a value 2.5 N/m2.   
4.3. Conclusion: 
The results displayed offer an energy analysis and an experimental investigation of the performance of 
a thermal energy storage unit using phase change material encapsulated in cylindrical geometry. The 
analysis was done through varying flow rates and inlet temperature during the freezing process. The most 
significant parameter in the experiment was the inlet temperature during the freezing cycle which almost 
doubled the heat flux from the previous temperature used. This could mean that the data and results 
displayed could be utilized for further investigation in heat transfer rate enhancement or used for scaling 
up and design purposes in solar energy applications that could utilize such a low inlet temperature (e.g. 
solar energy recovery in greenhouses, solar assisted heat pumps). It is evident that not all the material in 
the tubes are melting and further research and exploration could be done on the enhancement of the heat 
transfer from the air to the material.   
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